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_nis report constitutes a portion of the final report documentation

under Contract NAST-377. This and two companion reports (Refs. 1 & 2)

present general engine data derived from the study which are organized

to facilitate their incorporation into concurrent and subsequent advanced

systems studies.

Covered here are the Class 1 Engines (twelve in number), studies in the

program's mid-phase. More complete study results concerning these engines,

including such areas as subsystem design trade-off studies and overall

vehicle/mission analyses, are given in the main body of the project report

(_e:f. -3-).--

The present volume is one of seven in the total published study documenta-

tion. Its orientation in the report sequence is shown below:

Volume i Summary Report

Volume 2 Main Technical Report, Part i

Volume 3

Volume 4

Main Technical Report, Part 2

Class 0 Fact Sheets, Part i

Volume 5

Volume 6

Class 0 Fact Sheets, Part 2

Class I Engine Information

Volume 7 Class 2 Engine Information

- i -
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PREFACE

This report comprises a major portion of the technical results of the Class i

study phase of NASA Contract NAST-37V, "A Study of Composite Propulsion Sys-
tems for Advanced Launch Vehicle Applications". This phase of the program was

Task III (of four) of the contract work statement

Composite cycle launch vehicle engines, as defined for this study, are single

integrated propulsion systems which are comprised of both rocket (liquid-
propellant) and airbreathing subsystems, e.g., primary bipropellant combustors,

inlets. To date this type of powerplant has received little systematic study
wherein cbmm6n-gP_d_hl_s-_employed to Judge the possible merits of the

large number of candidate engines.

The potent_ix_--adv_nteges-offered bythe more attrsctivecomposite systems in
advanced (reu_-aolg) ve_rl_Igs--i-n_Iddethe following points: high payload per-

formance (exceeds the advanced rQcket, roughly equals the turbomschine-type

airbreather), high operational flexibility across the reusable-cycle mission

profile, ease of development in terms of the indicated major facility require-
ment for competing pure-airbreathing engines (composite engines can be seg-

mented to fit existing or planned ground test facilities which provide high

simulated Mach number airflow capability).

It is the objective of the study to (i) appraise this potential for advanced,

reusable launch vehicle applications, and (2) provide technical guidance for

initiating possible research and development efforts directed toward the

ultimate creation of these systems. The study included consideration of both

single and multistage vehicles, for earth-orbit payload delivery. The study

concentrated On launch vehicles in the 1,000,000 pound gross weight class
which operate on hydrogen/oxygen propellants. In general, the study was

directed toward propulsion system first availability in the period 1975-1985

and full mission-cycle propulsion requirements from lift-off to landing was

considered. The principal performance criteria for engine ranking purposes

was payload-in-orbit to gross weight ratio. Other criteria were, however,

brought into play as appropriate.

Marquardt, prime contractor, Rocketdyue and Lockheed are associated in
this analytical and design study effort. The study extended over nine

(9) months with a final report (of which the present report is Volume

6 of seven) submitted for distribution February 1967.

UNCLASSIFIED
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I_DUCT_ ON

GENERAL

This report is the second in a series of three, which specifically present

engine information derived from the NASA-contracted study, "A Study of

Composite Propulsion Systems for Advanced Launch Vehicle Applications"

(NAST-B77). The three reports (the other two are Refs. i and 2) are associ-

ated with the three chronological phases of the study and comprise varying

numbers of engine concepts and various degrees of technical penetration as
follows :

Report Associated Number of Technical

Order Study Phase Ensines Included Penetration

i Class 0 36 Overall System Analysis

(Ref. l) only, performance on

three (B) reference tra-

Jectories based on

"ideal" inlet, important

parameters "bracketed"

only

2

( is
Report)

Class i 12 Included subsystem con-

siderations, performance

presented in map form,

based on realistic inlets,

conceptual desigms made,

important engine variables
exercised parametrically

3 Class 2 2

(Ref. 2)

Effect of varying subsys-

tem and component efficien-

cies and operational points

assessed, performance maps

broadened and refined,

detailed conceptual designs
rendered based on vehicle-

stipulated sizing parameters,

approaches for structural

and thermal design and engine
control investigated.

The purpose of this report series, issued as a major portion of the study's final

report documentation, is to make available the Study-generated engine data spec-

UNCLASSIFIED
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ifically arranged to facilitate its use in subsequent propulsion and vehicle

analysis efforts. The resulting performance analyses and design synthesis,

though generated specifically to accomplish the immediate goals of the study:

To assess the potential of composite engines

D- To appraise the technological implications of composite engines

can in this way serve a broader purpose:

_- To provide a systematically documented base of technical information

concerning composite engines.

To this end the present report presents working information on twelve (12)

engine concepts taken from the initial candidate listing of 36 concepts treated
in Reference i.

The nex_ section will describe the engines included. Following this, a brief
orientation and guide to the report itself is given.

UNCLASSIFIED
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SELECTED CLASS 1 ENGINES

Of the thirty-six (B6) engines originally ordered within the Class 0 phase

study (Ref. i)3 twelve (12) were selected for further study as Class 1 sys-

tems. These twelve (12) systems can be viewed as variations about a single

"parent" multlmode composite engine concept; the af_erburnlng cycle, air

augmented rocket/ramjet system:

SELECTED CLASS I ENGINES

(12 SELECTED FROM 36 CANDIDATES)

AFTERBURNING CYCLE
AIR AUGMENTED ROCKET/---
RAMJET PROPULSION

SYSTEMS

--_NON AIR LIQUEFACTION SYSTEMS

(FOUR ENGINES)

,-,._AIR LIQUEFACTION SYSTEMS

(EIGHT ENGINES)

The basic split shown is that of higher performance air liquefaction systems

versus the somewhat simpler non-sir liquefaction systems which effects a

grouping of eight (8) and four (4), respectively. Both sub-families are

represented in previous engine types studied by The Marquardt Corporation in

the guise of lightweight, efficient acceleration and cruise aircraft power-
plants. These are the Ejector Ramjet systems (non-air liquefaction) and the

RsmLACE systems (air liquefaction). Before describing in further detail the

Class i engines, it is instructive to review the characteristics and config-

urations of the Ejector Ramjet and the RamLACE engines.
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E_ector Ramjet ,,O'_'cle

The Ejector Ramjet is a multimode composite powerplant which transists from

low speed operation as an advanced air augmented rocket to ramjet operation

at the point where ramjet takeover is possible along a given trajectory.

The engine comprises an inlet, a primary rocket assembly, a mixer-diffuser,
a combustor and a supersonic exit nozzle.

E.TECTOR RAM.TET CYCLE

± __C_IBUSTOR' ,
INLET -T- MIXER/DIFFUSER-- -_- EXITr T/

The afterburning cycle utilized in the Ejector Ramjet is characterized by

separate rocket/air mixing, diffusion and then full afterburning of fuel

with the oxygen in the air. The basic geometry associated with this cycle

is as shown and a stoichiometric primary system is specified. The thermo-

dynamic cycle advantage of this configuration over the somewhat simpler

simultaneous mixing and combustion system is discussed in the main report
(Ref. 3).

As stated, the Ejector Ramjet system as previously studied by Marquardt is

directed at hypersonic acceleration and cruise propulsion, that is, systems

applicable to high performance aircraft. A typical conceptualization of the
Ejector Ramjet hardware arrangement (Hydrocarbon Fuel) is presented on the

facing page.



_8

The engine is shown here without the air induction system as typically is

done for turbine-type powerplants. As evidenced, the engine is a funda-

mentally simple device whose lightweight installation potential makes up

for its modest low speed flight performance as compared to competing turbo-

jet-type devices (its static performance is superior to a rocket). Mission

studies have in fact shown the Ejector Ramjet to compete effectively with

conventional turbine systems in terms of payload and range.

MACH 5.0 EJECTOR RAMJET

-6-



Report _.., 194
nveA_ Volu_e 6

RamLA CE _cle

The RamLACE engine is schematically similar to the basic Ejector Ramjet.

The one prominent item that has been added is the air liquefaction heat

exchanger subsystem. The RamLACE system can, in fact, be viewed as a basic

Ejector Ramjet in which the rocket primary system has been replaced by a

special version of a liquid air cycle engine primary system.

RAM-LACE CYCLE

HEAT

--INLET _ EXCHANGER_i MIXER/DIFFUSER _'OM BUST_ EXIT --e

................. -_ --CHAMBER ASSEMBLY_-

tUJlUINHI
-. ......... " /T...---FUEC, ECTO 

The heat exchanger subsystem effects the pre-cooling and liquefaction of

atmospheric air by virtue of the refrigerative capacity of the liquid hydro-

gen fuel. As a result, high specific impulse performance is achieved in the
cycle since only the f].ow rate of hydrogen is assessed against the thrust

produced, the air being taken aboard and processed along the trajectory. Like

the Ejector Ramjet, the RamLACE engine converts to full ramjet operation at

the higher speed conditions. Technical considerations which dictate the

switchover point, are, however, noticably different.



Although there are significant thermodynamic and hardware differences between

the primary rocket subsystem of Ra_CE and the basic LACE (Liquid Air Cycle

Engine) system, it is pertinent to review a typical example of the latter as

a point of departure. The basic liquid air cycle engine, it will be recalled,

is fundamentally an airbreathing rocket with no Jet compression type augmen-
tation.

MA70-XAA

LIQUID AIR CYCLE ENGINE

_ °.

The basic LACE engine as investigated previously by Marquardt (small scale

firing tests were conducted) includes a heat exchanger group, and in the

illustration above, this comprises a liquid air regenerator, a precooler and

condenser (left to right). Along wlth this are the necessary turbopump and

controls which feed and control combustion in the rocket type thrust chamber

at the aft end of the engine. The basic LACE typically achieves performance

of lO00 seconds at sea level static conditions, a value which gradually

decreases over the flight Mach number regime toward a conventional rocket

level impulse (_50 secs) at the hypersonic flight speed condition. As

will be seen the RamLACE cycle offers significantly superior performance
trends.

-8-
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When used in the RamLACE engine, the basic LACE unit is operated in a signif-

icantly different manner. The prime difference results from the stipulation

that the combustion in the high pressure primary occurs at the stoichiometric

condition (to preclude combustion during mixing) as opposed to being signifi-

cantly fuel-rich as is the case in basic LACE. The fundamental limitation

here is the amount of liquid hydrogen required in a practical version of a

heat exchanger to liquify the air. In LACE, this results in excess fuel in
the cycle (relative to stoichiometric) and accounts for the modest perform-

ance achieved.

However, in RamLACE, this "excess" fuel is combusted in the afterburner of the

engine. Typically, this provides a significantly less fuel-rich overall engine
operating condition. A resulting increase in specific impulse over basic LACE,

from roughly i000 seconds to 1500 seconds results. A further reduction in fuel

richness is possible through the use of subcooled hydrogen in a recycle mode.

As will be seen, this operating technique3 resulting in further specific im-

pulse gains, is represented in certain of the Class i engines, viz. Nos. 23,

24, 31, and 32.

As is the case of the Ejector Ramjet, RamLACE has also been previously studied

exclusively for high performance cruise aircraft missions. As compared to the

hydrogen-fueled turboramJst type engines, the lightweight RsmLACE engine has

appeared as a highly competitive powerplant concept. Remarks concerning the

relative standing of RamLACE and more conventional airbreathing engines are

made in the main report (Ref. 3).

Derivative Class i Engines

In review, then, eight of the Class 1 engines are in the RamLACE family. The

remaining are Ejector Ramjet cycle derivatives. Again, the point is made that

the present study is the first formal appraisal of this entire family of power-

plants for launch vehicle applications exclusively.

The basic parent cycles of the Ejector Ramjet and the RamLACE engines are

included in the Class i selected engines as Engine No. 9 and 21, respectively.

The remaining ten engines, then, represent derivatives of these basic cycles.
These derivatives result from the inclusion of additional hardware items and/or

operating mode capability over and above those associated with the basic cycle.
Thzee items in all are involved to achieve these "further developed" versions

of the parent engine types.

I. Supersonic combustion ramjet mode (S_). (The parent
engines are limited to subsonic burning ramjet mode.)

e LOW pressure ratio mechanical supercharging (addition of a

simple, stowable low-blockage fan).
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The final engine within the Ejector Ramjet family is Engine No. 12 which

combines the supersonic combustion mode and fan supercharging. This engine,

while offering somewhat more complexity in hardware and operating mode aspects,
offers a maximum of performance and operational flexibility for the Ejector

Ramjet cycle within the launch vehicle application context.

RamLACE C_cle Derivatives

The remaining eight (8) powerplant concepts being carried in the Class 1
studies are based on the RamLACE cycle discussed earlier. Figure 6 presents

a collection of schematics for this family grouping arranged similarly to

that of Figure 2. The additional engine combinations shown here result
directly from the availability of the recycle hydrogen mode operation previously

discussed. These eight engines again represent the basic cycle and the various

perturbations possible.

Engine No. 22 is the SCRAMLACE cycle and is analogous to the Ejector SCRAMJET.

Again, it provides further hypersonic penetration of the engine in an air-
breathing mode via SCRAMJET operation.

The recycle hydrogen mode RamLACE (Engine No. 23) offers a significantly in-

crease in specific impulse over the basic cycle (upward of 2500 seconds as

compared*to 1500 seconds). As indicated, this is achieved by running the

overall engine cycle much more nearly stoichiometric and thereby increasing

performance over the intrinsic (hardware limitation) fuel-rich operation in

RamLACE. This improvement is achieved by calling upon the additional refrig-
erative capability of slush hydrogen at approximately 25°R (as compared to

36°R normal boiling hydrogen) which affords, in the vehicle propellant tank,

a significant additional heat sink. With a recycle loop, a larger quantity of

hydrogen can be taken through the condenser for air liquefaction purposes,
part of which is then returned to the tank and recooled by means of this refrig-

erant si_k. The remainder of the hydrogen then is combusted in the afterburner,

after passing through the precooler. It may be noted that there is a signifi-
cantly increased precooler hardware size associated with recycle operation.

One or more turbine expanders can be incorporated in the hydrogen circuit to

increase overall performance and reduce weight of the heat exchanger assembly.

Engine No. 29 comprises the fan addition to RamLACE. There are similar super-

charging advantages here as described for the fan Ejector Ramjet system plus

end-of-mission loiter capability benefit. Still another potential fan advant-

age occurs in this engine in that the fan pressurized air passing into the heat
exchanger (an option) permits a significant reduction in the heat exchanger

hardware as compared to the "non-blown" engine. There is a resulting trade-off

in fan and heat exchanger sizing and weight.
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e The use of subcooled tanked hydrogen (slush) and recycle

operation (applies to the RamLACE family, only).

A brief technical review of the Class i engines, including their physical

make-up and their operating modes, will now be given.

Ejector Ramjet Cycle Derivatives

Figure 1 presents schematics of the four (4) non air-liquefaction composite

engines which were carried in the Class 1 study phase. Note the basic cycle

as already described to the left on the figure. The first derivative engines,

so-called, are the SCRAMJET versions of the engine, sometimes referred to as

Ejector SCRAMJET, and the fan version, termed the Supercharged Ejector Ramjet
(SERJ). By compounding both of these variations, a second derivative engine

is evolved involving fan operation and supersonic combustion ra_et mode

availabili_ This engine, No. 12, could be termed a Superchar_d Ejector

SCRAMJET. ___ . _,,'i_"

With the p_ious discussion of the Ejector Ramjet operation i_:_mind, the
Ejector SCI_MJET (Engine No. i0) operates in an identical fash_ into the

ramjet modg with the exception that a conversion to supersonic _urning takes

place extending the air-using range of the basic powerplant well beyond Mach

6 to 8. This progression from subsonic burning to supersonic burning ramjet

operation is conventionally referred to as a "dual mode" or "convertible"

ramjet. Mission studies conducted in Class 0 have revealed the high payoff

of such SCRAMJET mode operation for orbital payload increases.

Engine No. ii, the supercharged cycle, provides two fundamental benefits over

the basic cycle:

le Fan supercharging increases the low speed specific impulse
by 20% to 30% and offers the further possibility of throttling

down earlier (i.e. at a lower flight speed) the low specific

impulse producing iz_lmary rocket system. Also a 'Tan ramjet"

mode (rockets off) is an important attribute of this engine.

e The availability of the fan operating within the duct alone

(no burning) offers a very high performance relatively low

thrust, low speed flyback and loiter capability.

Again, studies have indicated that where a loiter and landing requirement is

stipulated, there is a significant operational flexibility advantage in the

fan mode operation. During the high speed operation of a fan engine, techniques
for removing the fan from the basic engine internal flow area have been under

consideration. It is expected that such fan stowage can be accomplished at a

minor weight and operational complexity penalty.



k,J

Z
m

Z
k*J

i "-

" I I
:E

k_

L_J

:E

0
im

k.J

_J

o

I

:E

>-

.=.I

lu

a

a

lu

01_.

!

|

i

!-



Report ZS, 194
_tA_ F Volume 6

From the discussion above of first derivative engines, the origins and make-

up of the second derivative three engines, namely Nos. 24, 31, and 30, are

already apparent. The so-called third derivative engine, No. 32, comprises
all combinations discussed before, again offering a powerplant with a higher

degree of complexity in terms of both its physical make-up and its operation

which provides maximum operational flexibility and specific impulse perform-

ance potential.



SCOPEAIqD CONTENT OF THE REI_I_

As stated, this report includes a separate section for each of the t_elve (12)

engine concepts described above. The original numerical coding 8ssigned to
these engines as candidates (Class 0 Phase, Ref. l) is retained for continuity,

the engine sections appearing here in numerical order.

The orientation of the engine data presented herein is toward direct user

processing for broad and diversified study activities. Performance, weight,
physical envelope characteristics, operating mode availability, and other in-

formation of this genre is arranged here in a manner intended to promote

effective assimilation of composite engine data by the reader. For this reason,

the documentation of interpretative results of the engine data, e.g. mission

application studies, is left in the main body of the report (Ref. 3)- Similarly,

discussions bearing on the trade-off studies leading to selection of engine

design parameters, such as primary rocket cha_er pressure, also remain in the

main report, since - per se - these may not be of immediate utility to a sys-

tems analyst striving to assess the applicability of com_site engines to his

particular mission requirement.

Therefore, as appropriate, reference should also be made to the main body of
the Study's final report documentation (Ref. 3). There the bulk oT the pars- -

metric analysis which, for example, explore the effect of the i_ternal .deai_._
variables, is provided. Also the Study's-vehicle integr-ation and _sslox_-r- i --i . ....
formance work is represented in these volumes.

The content of each of the twelve engine sections is as follows in the order ....
indicated :

i. Engine description, name and identification nun_er, and a brief

- verbal description.

2. Operating schematic diagram.

e Engine design parameters for which the performance data and

physical characteristics are based.

Engine operating mode block diagrams presented in order of
utility in the launch mission profile.

e Engine conceptual design layout reflecting general arrangement
and external dimensions.

. Engine physical characteristics tabulation: weights, flow areas,
lengths.

J.

o.
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o

Engine uninstalled thrust/weight ratio plotted as a function of

design sea level, static thrust level for variations in maximum

ramjet combustion pressure.

Ejector mode (or supercharged ejector mode) specific impulse,

thrust and airflow maps reflecting the effect of vehicle flight

speed and altitude. These maps are backed up by computer-gener-
ated tabular data.

9.* Fan-ramjet mode specific impulse and thrust maps.

lO. Ramjet (subsonic combustion) specific impulse and thrust maps,
including the effect of inlet air precompression (flow field).

ii.* SCRAMJET (supersonic combustion) specific impulse and thrust

data, including the effect of inlet air precompression (flow

field). This information is presented for three reference

trajectories which follow the performance curves.

12.* Fan (ducted) operation specific impulse and thrust maps, reflect-

ing the effect of varying degrees of plenum burning.

In order to minimize duplication of data - hence, the physical size of this

volume - cross referencing between engine sections has been freely employed.

For example there are two (2) basic sets of ramjet performance data, one for

engines not employing a subsequent SCRAMJET mode, the other for the higher
speed SCRAMJET systems. Once each of these appears (engines 9 and i0), the

maps are thereafter cited, not repeated', in subsequent engine sections.

Preceding the individual engine sections, and immediately following this

section, a general reference section is provided which includes:

I. Mach Number/Velocity Conversion Chart

2. Engine Station Nomenclature Diagram, Standard Efficiencies

e Engine Design Configuration Approaches, Non-SCRAMJET vs.
SCRAMJET Mode Capability.

• Inlet configurations, pressure recovery performance and capture
area schedules for both Non°SCRAMJET and SCRAMJET systems.

5- Remarks and special notes

6. General nomenclature and legends

7. List of references

*Where applicable to the individual engines.
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SUMMARY - GENERAL F_FEF_NCE DATA

The purpose of this section as noted in the introduction is to provide tech-

nical information and general background material applicable to the twelve

(12) specific engine sections to follow. Each of the items to be provided

in this general section will be briefly discussed below.

Mach Number versus Fli_ht Velocity Conversion Chart - Although the basic
engine performance information to be presented in this report is given gen-
erally on the basis of flight velocity (ft/sec, m/sec), mch of the general

information as well as the intermediate data is most effectively and conven-

iently stated in terms of Mach number. A conversion plot is provided in

Figure 3 to assist in approximate conversions of these two velocity terms.

For more precise computations the use of appropriate tables, however, is
recommended •

Engine Station Designation and Nomenclature - An installed engine schematic
(Figure 4) is presented reflecting a typical composite engine of the Class 1

series. The several aerothermodynamlcally significant geometric stations

employed in the engine general description, as well as in the performance

computations, are called out in this figure. Also listed are standard combustion
and nozzle efficiencies. -

Design Configuration Approaches - Since the availability, or non-availability
of a supersonic combustion operating mode for a given engine will strongly

control the specific geometry selected for the powerplant design, a double

display of configuration approaches is provided, appropriate to the Class !

engine series. A detailed conceptual "parent" design was executed for both

situations e.g. SCRAMJET and non-SCRAMJET. These are included as foldout

drawings accompanied by descriptive texts (Figures 5 and 6).

Inlet Contours and Mechanization t Mach 8 and 12 Capability - Although the inlet

design is not considered to be directly within the scope of the engine design

analysis presented here, it was required that the inlet performance bases for
the engine data be substantiated by a specific inlet design approach. To meet

this requirement two cases were considered viz., non-SCRAMJET and SCRAMJET

capability. A set of contours for a two dimensional moving panel type design

were developed which correspond to the pressure recovery used, and are presented

in this section as Figure 7- Also the physical mechanization of these contours

by way of actuator placement, panel hinge points and pressure balance compart-

ments was investigated. A conceptual drawing of a typical mechanization approach
for satisfying this requirement is also included as Figure 8. Following these

geometrical specifications the pressure recovery (Figures 9 and Ii) and capture

area characteristics (Figures i0 and 12) of these two (2) inlets over the

Mach number regime of use are provided. These form the basis of the perform-

ance to be provided in the individual engine sections.

Legends t Nomenclature and References - Within the engine sections certain
diagramatic conventions have been adopted and these are reflected in both
schematic and tabular form in this section of the report. Also a nomencla-

ture sheet is provided for all symbolic characters employed either in the

presentation of the engine information, or in the computations supporting

the performance provided. Finally a list of references is given at the end
of this section.

UNCLASSIFIED
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INSTALLED ENGINE STATION NOMENCLATURE

Figure 4

A¢ A2 A3' A4 A 6 A6'

I A:_I I A' I

_ ,.LET _ .,XER/O,,._USER-T---T--Ex,T--- ,.___- FLowF,EL./ / _!i_::_i:,_i_ii_
\ ( ,. ..'T| " _ iii:iii;i!ii',_iii_'_i_!_i_:_i_i_i

!!!!!!i!_ _:.i_ii!?:ii?iliiii::.'._:" __ PRIMARY THRUST __. ii:::i::iiiiiiiii_::!iii;:!_iiY_:_:_;!:!;ii!_iliiiii!_i

!::!_- J CHAMBER ASSEMBLY iiiii_iii:;iiiiii_iii_i_ii_i_i_i
:.:::::::A ==========================================================":_ = ::::::::::::::::::::::::::::::::

I r ASSEMBLY ::::::::::::::/:::::::::i%ii::::_i

\ I -,,Lr
_ I a (PrIMArY EXIT AREA)

FOR CONSTANT AREA MIXER A2+ Ap : A3

SHOCK FOR CONSTANT AREA COMBUSTOR A3'= A4

Stand_r_ Efflcle_cles: The following listed efflclencles have

been used as baseline values for all engine performance ccmputatlons:

Prlmar_ Rocket:

C_bustlon,

Nozzle, 17N

Mixer:

Mixing, _M " 0.80

Afterburner or C_bustor:

Cnmbustlon = 0.9_

EXit :

Nozzle, _N "0.98

z_.
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DESIG_ CONFIGURATION APPROACH

mG s (6)

Presented here is a conceptuel design drawing typifying the Class i

Engines which do not employ a supersonic conbustion ramjet mode (Figure 5)-

In this case, the Supercharged RamLACE (Engine No. 29) was selected for the

design exercise since it reflects essentially all of the various subsystems

included in the basic engine derivatives, fan, heat exchanger - as well as

the basic ejector and ramjet components. Thrust is 250,000 ib at sea level

static conditions.

The engine, shown here uninstalled, is an axisymetric design, except

for the air liquefaction equipment group. The single stage fan unit (pressure

ratio: 1.3) is retracted at the end of the supercharged modes(below Mach 3;

recall the tip-turbine fan processes only subsonic air flow). This is accom-

plished by hinging it forward and upward about trunnions throu_ which the
drive gas is transmitted from dual airbreathing gas generators. Conceptually,

the fan in its stowed position is covered with a cooled louvered panel which

serves also to block off the heat exchanger from the inlet diffuser during

high speed operation.

The exit nozzle design shown is an advanced concept based on an

on-axis translating contoured ring. This unit forms dual concentric throats

and expansion surfaces in conjunction with the fixed plug and the outer bell,

respectively. _ne approach provides high nozzle efficiencies, full throat area

variability, and provides altitude compensation during low speed operation.

The primary rocket section is shown as s double toroidal combustor

with an "annular bell" throat and expansion surface. Combustion chamber

pressure is 2000 psia for the non-liquefaction engines (single toroid), and

1000 psia for the air liquefactioa systems, such as the engine shown here.

The turbo-pump package (not shown) is mounted adjacent to the combustor but

external to the engine flow passage.

The general approach displayed here applies to all of the Class i

Engines which do not trsnsist to SCRAMJET mode. These Engines, Nos. 9, ii,

21, 23, 29 and 31 are thereby limited to flight speeds below 6000 - 8000 ft/sec

which they achieve in the subsonic combustion Ramjet mode.

*Although an alternative drive approach is available - a bipropellant

gas generator system - the designs presented in this report are all

based on airbreathing gas generator fan drives. See Reference 3 for

a performance comparison of the two approaches.
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DESZG com  m  o. AZmOA 

MODE (6)

The facing conceptual design sketch (Figure 6) reflects the gen-

eral approach used in laying out the Class i Engines which employ the

SCRAMJET operating mode. The engine shown, a 250,000 Ib-thrust (SLS) Super-

charged ScramLACE (Engine No. 30), includes a fan subsystem and an air

liquefaction heat exchanger unit, in addition to the basic engine throughput

sections, mixer, afterburner, etc. To this extent the engine is identical
in functional makeup to that previously shown, Engine 29.

SCRAMJET imposed geometry considerations require a significantly

different approach in configuring the engine, however. In this instance

the design moves toward a two-dimensional layout to achieve both, minimum
discontinuity losses in contracting the supersonic airflow ahead of the com-

bustor (fuel is injected at the primary rocket station), and maximum effic-

iency in expanding the post-combustion flow onto the vehicle aft underbody

(not shown) for further expansion.

A major difference with reference to the previous conceptual draw-

ing (Engine No. 29) is the transition from a circular mixer to a rectangular

afterburner and exit. The throat area (As) variability requirement is ham-
died in this case by opposed hinged panel_, which in association with adjacent

engine and vehicle-fixed panels provide the equivalent of an expansion-deflec-

tion exit nozzle. For the SCPAMJET mode these exit panels go to a full open
position (shown).

As will be seen in the individual engine sections of this report,

this conceptual approach is used as a basis for all of the SCRAMJET-mode

Class 1 Engines, viz Nos. i0, 12, 22, 24, 30 and 32.

NOTE: The estimated engine weight statements which follow for the above six

SCRAMJET-mode engines includes only the hardware items reflected in

adjacent Figure 6. In particular the exit gas expansion surfaces
(upper and lower) are considered installation-peculiar items and are

not included - in the uninatalled engine estimates given. _hese must,

of course, be included in any installation considerations.
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INLET PRESSURE RECOVERY

MACH 8 ENGINES
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Inlet I Exit: Subsonic Combustion

Inlet I Exit: Supersonic Combustion
(Including Sub/Super Conversion)

: INLIET--_ _-EXIT-.._
_-.------IN LET rEXIT--I

Precooler I Condenser 36"R H 2
A

H2 A _' liquid air

Precooler I Condenser 25"R H 2
A

air __

Y

H2 liquidair
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I
HE
F
R
MC
MD
C
E

Inlet Subsystem
Heat Exchanger
Fan Subsystem
Rocket Subsystem

MixerlCombustor i

Mixed, Diffuser
Combustor
Exit

Mixer/CombustorlExit
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Subsystem

Letter Symbols (Fluids)

H Hydrogen
0 Oxygen
A Air
X Exhaust

Graphical Symbols

I I

:1 i
I . j

Functioning Unit

Non-functioning Unit

_m ,m_ m 1

I

I I
t,= m i--,J

)

Fluid Flow Direction

Fluid Flow Through a Non-functioning Unit

Flow Mach Number _) 1
/

Flow Mach Number _1

Flow Mach Number is both below and above i
at changing flight speed conditions
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NOMENCI_TORE

Nomenclature used in this report is given below. The tabulated computer

printout information does not include subscripting as will be noted by the

repetition of certain parameter symbols. Refer to Figure 4 for engine flow

area station designations including the distinction made between A e_and Ao

where a vehicle flow field is involved (where there is no flow field these

are identical).

AB

A /A3
A5

A6

A6/A 5

A6/Ac

AKX

A0

AOT

BL

- Afterburner

- Afterburner/Mixer Diffusion Ratio

- Engine nozzle throat area, ft2

- Engine nozzle exit area, ft2

- Exit Nozzle Expansion Area Ratio

- Exit to Capture Area Ratio (SCRAMJET)_ .

- Inlet capture area for heat exchanger air flow, ft2

- Inlet capture area for secondary air flow, ft2

- Inlet capture area'for total air flow, ft2

-" Baseline -

_-_ ....CF,-CF ...... -_--_l_zs_-_oefT_t_lmn_ based on inlet capture area

H2

HTO

Isp , IS

Mo_ MO

M2

NS

- Secondary air static enthalpy at mixer entrance, Btu/ib

- Ambient Total Enthalpy, Btu/ib

- Specific Impulse, ibf-/ibm/sec(Net Jet)*

- Local Macb Number

- Mixer entranceMach number

- "Normal Shock"" inlet (Includes Normal Shock losses

plus an assumed 90_ diffuser efficiency.)

o/F
P2

Pc

FRf

PT2 , PT2

PT2/PTo

FrO

Oxidizer/fuel mass flow ratio

Secondary air static pressure at mixer entrance, Btu/ib

Primary chamber pressure, psia

Fan pressure ratio

Inlet recovered total pressure, psia

Inlet total pressure recovery

Ambient total pressure, psia

UNCLASSIFIED
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R I

Ref

SIS

SPC

T

V6

Vo, VO

WYT

WKX

Wp, WP

Ws/Wp, wsw?-

WS, WS

WT

S -
_ -

c

C _ -

"_I_ -

Rocket Mode

Reference

Sea Level, Static Conditions

Specific Fuel or propellant consumption, ibdbr-lb f

Thrust, lbf (Net Jet)*

Exit velocity, ft/sec

Local velocity, ft/sec

Total fuel or propellant flow rate, lbm/sec

Heat exchanger air flow rate, ibm/see

Primary flow rate, ibm/sec

Secondary/primary flow ratio

Secondary (WS + WHX), lh_sec

Total air flow

Two dimensional wedge half angle, d_g

Combustion efficiency based on enthalpy rise

Characteristic velocity efficiency based on velocity, or thrust

Inlet kinetic energy process efficiency

_M

_N

_x

_p, PEP

_prec

_sec, PES -

Mixing Efficiency based on static pressure rise

Nozzle efficiency based on stream thrust

Combustor equivalence ratio

Condenser equivalence ratio

Heat exchanger equivalence ratio

Primary rocket equivalence ratio

Precooler equivalence ratio

Secondary equivalence ratio

Net Jet thrust and specific impulse includes air induction inlet

momentum penalty, but does not include external drag such as cowl,

induced, friction, or spillage drag

UNCLASSIFIED
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EJECTOR RAMJET, NO. 9

Technical Description

This engine is capable of two operating modes: (i) ejector mode (afterburning

cycle air augmented rocket) and (2) subsonic combustion ramjet. Phasing between

modes can be accomplished by continous throttling of the primary rockets or by a

discrete shutdown of the primary system. The engine consists of a primary rocket

section, a constant area mixer, a diffuser, an afterburner, and a variable geometry
exit nozzle.

For initial acceleration the stoichiometric primary rocket operation is at full

thrust. The afterburner effects stoichiometric combustion with the free oxygen

in the mixed flow entering from the diffuser. Transition to ramjet mode is

accomplished by shutting down the primary rockets and continuing combustion in

the afterburner, which functionally becomes the ramjet combustor. The variable

exit is progra_ed to provide throat settings for maximum thrust consistent with

maximum performance. Normally in acceleration missions the ramjet combustion

remains at the stoichiometric condition. Following entry, the subsonic combustion

ramjet mode can be employed for supersonic flyback. Low speed loiter and landing

thrust is provided by the ejector mode.

Engine Operating Schematic

COMBUSTOR
INLET _1_ MIXER/DIFFUSER d_

°.
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/A

Eng. No. 9

Engine Design Parameters

Pc = 2000 psia, Ws/W p

PT2/PT0 ref. Fig. 9

= z._o, o/F= 7.937, #p = z.o, ¢= z.oo, A_/A3 = 2.O0,

Engine Operating Mode Block Diagrams

H

H

® A i" i r----_ r---, _ x

-- '1 '--= I '---_(
H

® i----,I_ _ r---i r---_ r--=
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Eng. No. 9

ENGINE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE

500
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_ 300
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_ 200

z
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w
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PRESSURE, psla . 50
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250
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O

I
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DESIGN
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Eng. No. 9

EJECTOR MODE SPECIFIC IMPULSE
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Engine Physical Characteristics Eng. No. 9

English International

WEIGHT _ THRUST/WEIGHT* Units Units

Subsystem Components

Primary Rockets
Turbopumps and Plumbing
Structure

677
706
12_

LEM 307 KD
320
568.8

352
196
323

985.2

181

Mixer
Diffuser
Combustor

776
432
712

Exit and Centerbody 2172

Manifolding and Contingency 4OO

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/weight

7129
250,000

35.1

LEM 3234 ED

I_ 1,112,055 N

_/_ _ _/m_

Inlet Weight (typical)

Installed Weight

Installed Thrust/weight

984o LBM bj$63 . KD

16,969 L_M 7697 K_

x_.7 _IIm_ l_ _Iim

LENGTH

Uninstalled Length

Inlet Length (typical)

Installed Length

17.8 _T

56.2

74.0 Fr

FLOW AREAS

Inlet Cowl, Ac 82 FT 2

Mixer, A_ 32

Combusto_, A4 64
Nozzle Exit, max, A6** 125 FT2

* Based on maximum internal pressure = 150 psla (1034 N/_)

**For ejector mode, see engine data

5.42 M
lT.l
22.6 M

T.6
3.0
6.0

ii.6 1_2
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Eng. No. 9

EJECTOR MODE THRUST
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z 200

100
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..o

I
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I I
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Eng. No. 9

EJECTOR MODE A IRFLO W
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Eng. No. 9

EJECTOR MODE CAPTURE AREA

NOTE: CURVE= UPPER LIMIT
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Eng. No. 9

RAMJET SPECIFIC IMPULSE

SUBSONIC COMBUSTION

NO PRESSURE FIELD
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SUBSONIC COMBUSTION

EFFECT OF PRESSURE FIELD
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Technical Description

This engine is capable of three operating modes: (i) ejector mode (afterburning

cycle air augmented rocket), (2) subsonic combustion ramjet and (3) supersonic

combustion ramjet. The engine is comprised of a primary rocket section - which

also acts as a secondary fuel injector for scramJet operation - a mixer, a diffuser_

an afterburner, and a variable geometry exit nozzle. The engine as presented here

requires certain vehicle affixed expansion surfaces to operate in conjunction with

the variable exit components shown to provide adequate expansion surface for the

supersonic combustion operating mode.

Initial engine operation involves full thrust primary rocket operation at stoich-
iometric conditions and full afterburning in the aft combustor. Transition to

subsonic combustion ramjet is accomplished by shutting down the primary rocket

subsystem and continuing stoichiometric combustion in the afterburner. The vari-

able exit nozzle is programmed to provide throat settings consistent with maximum

performance at full thrust. Supersonic combustion ramjet mode is accomplished by

transferring the fuel injection station forward to the primary rocket assembly

(the rocket is not reignited), and the full opening of the exit panels to permit

the diffuser normal shock system to pass from the engine, thereby providing all

supersonic flow. As noted exhaust expansion takes place against vehicle affixed

surfaces not shown in the present description. Following entry, flyback propul-

sion is provided by subsonic combustion ramjet mode. Low speed loiter and landing

thrust is provided by the ejector mode.

Engine Operating Schematic
, COUBUSTO ,

-= INLET :I--MIXER/DIFFUSER=j = :l= EXIT_

F TURBOPUMP ASSEMBLY
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Eng. No. 10

Engine Design Parameters

Pc = 2000 psia, ws/_ = 1.50, O/F = 7.937, Cp = l.O, _s = 1.O0, A_/A 3 = 2.00,

PT2/PTo ref. Fig. Ii

Engine Operating Mode Block Diagrams
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Eng. No. 10

English Internat ional

WEIGHT _ THRUST/WEIGHT* Units Units

NOTE: Engine weight statement does not include nozzle
Subsystem Components -- exit surfaces considered to be vehicle affixed (Fig 6)

Primary Rockets 677 L_M 307 EG

Turbopumps and Plumbing 706 320
Structure 1254 568.8

Mixer 7_0 336

Diffuser 375 170
Combustor 620 281

Exit and Centerbody 1890 857.3

Manifolding and Contingency 35o 159

2999

1,112,o55

371

5_3
8442

131

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/weight

6612 LBM
250,000 LBF

37.8_/L_

K_
N
N/_

KGInlet Weight (t}_ical)
Installed Weight

Installed Thrust/weight

12,000 L_M

18,612 L_M

13.4_m_/imM

LENGTH

Uninstalled Length

Inlet Length (typical)

Installed Length

18.8
81.6
90.4I_T

FLOW AREAS

Inlet Cowl, Ac

Mixer, A_

Combusto_, A4

Nozzle Exit, max, A6**

lOO n_
32
6_
4oo n_

* Based on maximum internal pressure = i00 psia (689.5 N/_)

**For ejector mode, see engine data

5.73 M
24.9

27.6 M

9.29 M2

3.0
6.0

37.2 M2
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Eng. No. 10

ENGINE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Eng. No. 10

RAMJET SPECIFIC IMPULSE

SUBSONIC COMBUSTION

NO PRESSURE FIELD
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Eng. No. 10

RA M JET THRUST

SUBSONIC COMBUSTION

EFFECT OF PRESSURE FIELD
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Technical Description

This engine is capable of operating in four discrete modes: (1) supercharged
ejector mode, (2) fan ramjet mode, (3) subsonic combustion ramjet and (2) fan

only operation. The later operating mode is a low-thrust capability applicable

to the flyback and loiter aspect of the mission profile. The engine consists

of a single stage low pressure ratio fan capable of being retracted from the
main engine flow stream. Accompanying the tip turbine fan is a fan drive sub-

system consisting of a remote airbreathing gas generator, or small turbojet

engine. Following the fan, a primary rocket subsystem, mixer, diffuser, after-
burner, and variable geometry exit nozzle are included as in the basic ejector
ramjet engine.

For a typical mission profile the engine is initially operated in the super-

charged ejector mode wherein the fan operates at design speed. The stoichio-
metric primary rockets are operated at full thrust condition and the afterburner

operates stoichiometrically. At a flight condition in the approximate vicinity

of Mach 1 the primary system can be phased off, the engine continuing in the
fan ramjet mode (technically a high bypass ratio, full plenum burning turbofan

cycle). In the vicinity of Mach 2 plus, fan operation is stopped and the fan is

hinged forward and retracted from the flow stream. -The engine continues in the

subsonic combustion ramjet mode to the staging condition. Following entry and

cruise-back in the subsonic combustion ramjet mode, subsonic loiter and landing

is accomplished with fan only operation with little if any plenum burning.
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Eng. No. 11

WEIGHT: THEUST/WEIGEr*

English
Units

International

Unit s

Subsystem Components

Fan Assembly

Gas Generator
Structure and Actuator

Fan Cover Structures

Primary Rockets

Turbopumps and Plumbing

Structure

lOO9

895
665
350

602

661
I114

LBM
406

302

159

273
3oo
505.3

Mixer 1020 462.7

Diffuser 432 196

Combustor 712 32B

2172Exit and Centerbody

Manifolding and Contingency 4o0

985.2

181

lO,O37_.__Uninstalled Weight

Uninstalled Tbrus.t/weight - - 2_-9 LBF/LBM

Inlet Weight -(_ical ) -98AO .....
Installed Weight 19,872 12_

Installed Thrust/weight 12.6 LBF/L_M

_55l
i:112,055" N

2_4 _/KG

_J463 I_

9014 I_

124 N/_

Uninstalled Length

Inlet Length (typical)

Installed Length

283
56.2
8_.5 rr

863 M
17 .i
25.6 M

FLOW AREAS

Inlet Cowl, Ac 82 _2

Mixer, A_ I 32

Combusto_, A4 64 _2
Nozzle Exit ,-max A6** 125

* Based on maximum internal pressure = 150 psia (1034 N/k)

**For ejector mode, see engine data

7.6
30
6.0

11.6

.2



VaN NUYl, CALIPOINIA

/

Report 25 194
Voltage 6

Page 73

Eng. No. II

ENGINE THRUST i WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Eng. No. 11

EJECTOR MODE SPECIFIC IMPULSE
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Eng. No. II

EJECTOR MODE THRUST
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Eng. No. 11

EJECTOR MODE A IRFLOW
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Eng. No. 11

EJECTOR MODE CAPTURE AREA

NOTE: CURVE= UPPER LIMIT
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Eng. No. 11

FAN RAMJET SPECIFIC IMPULSE
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FAN RAMJET THRUST
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Eng. No. 11

FAN RAMJET CAPTURE AREA
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FAN OPERATION SPECIFIC IMPULSE
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Eng. Na 11

FAN OPERATION THR UST
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FAN OPERATION SPECIFIC IMPULSE
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Eng. _No. 11

FAN OPERATION THRUST
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FAN OPERATION SPECIFIC IMPULSE
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SUPERCHARGED EJECTOR SCRAM JET, NO. 12

Technical Description

This engine is capable of flve operating modes: (i) supercharged ejector opera-

tion, (2) fan ramjet, (B) subsonic combustion ramjet, (4) supersonic combustion

ramjet, and (5) fan only operation. The latter mode is useful in the subsonic

loiter and landing phase of the mission profile. The engine consists of a low

pressure ratio single stage fan capable of retraction from the maln engine flow

stream. Thls is attended by a fan drive subsystem in a form of an airbreathing

gas generator, or small turbojet. Aft of the fan is located the primary rocket
subsystem, a mixer, diffuser, afterburner, and variable exit geometry nozzle.

Initial engine operation is in the supercharged ejector mode. In the approximate

vicinity of Mach 1 the primary rockets can be shutdown whereby the engine tran-

sists into the fan ramJet-mo_ _hich__s_-a_tad__ to appr_x-ima_el_--Maeh 2.5,

wherein the engine continues in the subsonic combustion ramjet mode. Transition

to supersonic combustion is afforded by a simultaneous transfer of fuel injection

to the vicinity of the____r__Qcket_ station and full opening, of the variable
exit nozzle to permit the l_e__--shoak system-to pass from the engine.

Following entry subsonic combustion ramjet operation is reinitiated. Subsonic

loiter and landing can be accomplished by meaas of the fan operation mode during

which plenum burning can be conducted as required for increased thrust at the

expense of reduced specific impulse.

Engine Operating

= INLET

Schematic
COM BUS TOR

MIXER/DIFFUSER :i: --i:
EX! T

PRIMARY THRUST
CHAMBER ASSEMBLY

INJECTOR
ASSEMBLY

F .TURBOPUMP ASSEMBLY



Engine Design Parameters

pc = 2000 psie, Ws/Wp = 1.90, O/F = 7.937, _p

A_/A3 = 2.00, PT2/P_O_ef. rig.

= 1.0, _s = 1.00, ERr
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Eng. No. 12

t

= 1.30,

Engine Operating Mode Block Diagrams
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Engine Physical Characteristics Eng. No. 12

English International

WEIGHT I THRUST/WEIGHT* Units Units

Subsystem Components NOTE: Engine weight statement does not include nozzle
-- exit surfaces considered to be vehicle affixed (Fig 6)

Fan Assembly 1009 LBM 457.7 ED

Gas Generator 895 406

Structure and Actuator 665 302

Fan Cover Structure 300 136

Primary Rockets

Turbopumps and Plumbing

Structure

6O2 273

66.1. 30o
LL1.4 505.3

Mixer 940 _26

Diffuser 375 170

Combustor 620 281

Exit and Centerb.ody 189o 857.3

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS
Uninstal!ed Thrust/weight

Inlet Weight (typical)

Installed Weight

Installed Thrust/weight

350 159

9421 LBM _273
250t000 LBF 1,112,055 " N

26.5 LBF/L_ 260 N/EB
• _. r

12,000 L_M 5_3 ED

ZI,421 L_M EG

u',7 u_ 115 _/_

LENGTH

Uninstalled Length

Inlet Length (typical)

Installed Length

25.7 FT 7.83 M
81.6 24.9

i07.3 FT 32.7 M

FLOW AREAS

Inlet Cowl, Ac

Mixer, A_

Combustof, A_

Nozzle Exit,-max A6**

lOO 9.29
32 3.0
64 6.o

4oo _T2 37.2

* Based on maximum internal pressure = i00 pSis (689.5 N/_)

**For ejector mode, see engine data
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Eng. No. 12

ENGINE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Eng. No. 12

Cross-Reference Information

Ejector Mode Performance Maps end Tabular
Date may be foun_ in the Engine No. 11
Section.

Yen Ramjet Mode Performance Maps may
be found in the Engine No. 11 Section.

Subsonic Ocmbusti_u Ramjet Performance Maps

may be found in the Engine No. i0 Section.

Supersonic Combustion Ramjet Performance lnformati_

may be found in the Engine No. I0 Section.

Y_u Operation Performance Maps may be foun_ in the

Engine No. Ii Section.

UNCLASSIFIED
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RAMLACE, NO. 21

Technical Description

This engine is capable of two operating modes: (i) liquid air cycle ejector

operation, and (2) subsonic combustion ramjet. The engine comprises a primary

rocket subsystem, in which the oxidizer is air liquified in an air liquefaction

unit. This latter consists of an air precooler, and condenser utilizing liquid

hydrogen supplied to the engine as the refrigerant. This unit is supplied air

from the common inlet diffuser. A closure means is provided to isolate the heat

exchanger subsystem when the engine is operating at the higher speed condition.

Following the primary rocket subsystem is the mixer, diffuser, afterburner, and

variable geometry exit nozzle-in essence, identical to that of the Ejector Ram-

Jet series (Engines 9 through 12). A specific operating characteristic of the

RamLACE family of powerplants which contrasts with that of the Ejector Ramjet

is that the afterburner operates significantly fuel rich due to the basic air

liquefaction unit hydrogen requirements (heat exchanger equivalence ratio).

Engine operation is initially with the primary rockets operating with hydrogen

and liquid air at a stoichiometric condition. The air is derived from the sump

of the condenser of the air liquefaction unit. Transition to ramjet which

nominally occurs in the Mach 2 - 3 flight speed range is accomplished by shutting

down the primary rocket subsystem and closing off the heat exchanger unit. Post

entry operation is essentially the reverse of the above, viz. subsonic ramjet

followed by ejector operation for the low speed and landing thrust requirement.

Engine Operating Schematic
HEAT

I EXCHANGER I MIXER/DIFFUSER COMBUSTOR

I i
RUST

FUEL INJECTOR I

F -" TURBOPUM P ASSEMBLY
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En_ N_ 21

Engine" Desiqn Parameters

Pc-- lO00 psia, Ws/% = 1.50, O/F -- 34.3, _p " 1.O, _s = _.49, _cond = 8.0,

_prec = 8.0, AIc/A3 = 2.09, PT2/PTo ref. Fig. 9

Engine Operating Mode Block Diagrams
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Engine Physical

w o,

Characteristics

ENGINE PHYSICAL CKAEAC_/_ISTICS

WEIGHT a _RUST/WEIGKT _

English
Units

Subsystem Components

Heat Exchanger

Catalyst

Structure

2,T0_ L_M

i,418

905

Primary Rockets

Turbopumps and Plumbing
Structure

817
1,59o

}_ixer

Diffuser

Combustor

917
470
755

Exit and Centerbody 2,370

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS

Unlnstalled Tnrust/Welght

550

13, 356 L_4

250,000

___ 18.7u_/u_

Inlet Weight (Typical)

Installed Weight
Installed Thrust/Weight

9,840 LR4
23,196 LR4
zo.8 u_/u_

LENG_

Unlnstalled Length
Inlet Length (Typical)

Installed Length

24.5 FT
56.2
80.7 FT

FLOW AREAS

Inlet Cowl, Ac

Mixer, AR
Combusto_, A4

Nozzle Exit, max, A6*_

82. F,d
33.5

70.
25 na

* Based on maximum internal pressure = 150 psla (1034 N/Me)

*_ For ejector mode, see engine data

Report 25 194
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Eng. No. 21

International

Units

1,229 KS
643.2
411

390
371
Tal.2

416
213
343

1,075

25o

6,o58.3 l_S

1,112,055 .N

N/KS

4,h63 KS
I0,522 KG

lO6_/m

7.47 M

17.i
24.6 M

7.6 Me

3.1

6.5
U.6
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Eng. No. 21

ENG INE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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EJECTOR MODE SPECIFIC IMPULSE

2800

2600

2400

u

.= 2200
m,,,m

ILl
U')
_J

a. 2000
lll

¢,.)
m

i,
1800

uJ
ci.
(/)

,o 1600

w
z

1400

1200

::!
...

...

..,

*TI

i'!
o.,

...

oo.

.,o

o.,

oo,

,H

:11

Y:
..+

"-I
:II

I1!

::; ::: ;::: :::: : : :;:":: : ;::: ::: 3( !ti :::: 41lii! ::ili

!!!! ii:_:!i-! :_::i:::i:!I_: :30 i :i: l........ii'.'+...._--_....
iiii i:i; i'ii ;:::: :'.'. :::;1::': ::;; :.z :::' :._::_..;i2_ Fi.;:"::;

:: ::: :::, i!:+!:.!i ii!:l:::':;;:/:_: i::::l!iiiii!i!iFE-:

...... o ........ , .... ..i .............
.... !. : ,_!,.. _ , :._ ;:'; :': :::: ::;:

......... + ..... '' " ;:::1";: ;:I_ :::; ................

.... ":: ::::_ :!;!l .... '_': ";' !!i! :;:!::+_:::: ::::_!iil.....i!_iii/_::;, ;ili _::::,; ;,:; .,. :::;
::!i!!!! .......,:;:!!!;!i+_!::_:,_!_,_:::;.:_...._iii,, ....':::!!_i'5{_
'.:: :;': :::: ::::::.:: :": .... :;j .:.. :!:.: :::: .... _.;;:

iil .............
:::l ;'.;; .... :';:;;:;; ',',;,]'+ ; '" /.:: ; : ::,. ;:.. ""

i!!! ::!i_:i!!_i: i !!!:J:: _.::::1 :. ::.:":. :::. :
.... tl.....................;;:', ...... .. ...... ::: ..... a[, ::;: :::: :::: ".+. ;:::; :;i::::;;:::!! i!ii ..... • ...................... :
::::....::1O"2C ;_;" ::, ::::/-:: ::: :::......:; ii ;.if:;_:I::::': ::.,n,+: ,...::: _::l..e ..... P...............

............_" :::;_::iq_it .............!;!! ii!i+!!i ""_ ,.. ! : :! !:ii Ti. !T!: r!:: :i!; _! i

i_+ii/i ::::ii::!::.]:!ilj::: 1! ,i !iii ;ii:.... i:-iif+i_!i:
:';: !::: :_: ::::1:: : i.: :.: :!:i i._: :i:! ": ::::::':
::': ._ ;'_r:. :::; e.,_ ; ._., .. ....

............ ¢ifl.:_ ;::: .::: :::: ::. :::: :::: :::!!It"::':,.:"_!i :_; ;::: ::: :::: ii:/:::: :':: :::; ::::
"::l; _Jr:: ;:': ..... , .... ;::: _:; ;':: :::: :::: ::;.

•.,!::::JE_):::::T/:!::_: ;:::::_:i_:: ::: :::: :::;

..._.,* :;:, ::._ .... :., .......!i_:_; ;:: :,: :_!it::i_¢.:.+,._iii__. ........._ _,"X:.
:/.t _:: ;;:; _.:; ;:::_:;".._.:::::: ::ii iiii F/ i:_: :::' r_ _

F ;j " " ' " -- ' _ ....

;::: :';: :';: ;::; ;;'i :::; :': "':; :;: ::;: ::': '::" ";:

iiii ill:! ii_ +:_:; ! iiii _-ili:::i :i:;i:i!:::ili ii:: ii!i _i_i

iii!:_iili;:i:::!::::iiii_!i!::!!ii ::iii:2 i::!i:+ii!iiii iii! iili
'"'',:::: ..... :::" ;;'.:_:;:: '.:I: :::: ........ :::; ;_: ;:;;ii'.l::_: tiii :;:: ::::li::: ;::: ::;: iiii i-L_ j_ :::: :::: ::::

.... :',::_:::_ :':: ';:: ':i: ......................:_!t:'F.{ iii!: :::: ..................... ::::: ::'- :::; ::::";:::
..... .... !ii+ ::+_'Hi:i!ii :_:: !!!i :::::_;;;: ;:::..........::;;..........::; .........i:i;:.........!!!!!iii .....,....!!!!:i!i::.

2.0 2.5

FLIGHT VELOCITY, 1000 ft,/_c

I I I I I
0 0.2 0.4 0.6 0.8

3.0

FLIGHT VELOCITY, 1000 nV'sec



Report Z5. 194
Volu_ne 6

Page 105

Eng. No. 21

EJECTOR MODE THRU ST
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EJECTOR MODE AIRFLOW
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EJECTOR MODE CAPTURE AREA

NOTE: 1. CURVE REFLECTS UPPER LIMIT.

2. EJECTOR MODE CAPTURE AREA CAN EXCEED NOMINAL
INLET SIZE (SEE SUPPLEMENTARY TABULAR DATA).
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_ARY DATA

M0 WS WHX WT AO AHX AOT

ALTITUDE - O. FEET

0.50 1372. 759. 9-131. 32.15 17.79 49.94

0.75 1630. 759- 2389. 25.46 11.86 37.32

1.00 1915. 759. 267_. 22.41 8.88 31.29

ALTITUDE - I0000. FEET

0.60 io_3. 633. 1676. 28.51 17.30 45.81

0.90 133o. 759. 2089. 24.21 13.82 38.03
1.20 1757. 759. 2516. 23.95 10.35 34.30

!.20 209_. 759. 2853. 24.43 8.85 33.28

1.60 2589. 759. 3348. 26.40 7.74 34.14

o.77 822.' 4_.

i_00 ...._-....i_i_-1- ........613.

1.20 1245. 759.

1 °5O 1742. 759.
1.8O 2329. 759.

ALTITUDE - 20000. FEET

13_2. 25.21 15.03 _0.24
........... _,._,'^"• 23.99 14.50 38.49

20C_. 24.-5_ 1_.96 39.50

2501. 27.42 11.95 39.37

........5108. 30.76 9.94 40.70

ALTITUDE - 30000. FEET

1.17 809. 479. 1288. 24.35 14.42 38.77
1.30 936. 573. 1509. 25.25 15.46 40.71
1.40 10_6. 6&4. 1690. 26.21_1 16.1_ 42.35

1.5o 1173. 759. 1932. 27.41 17.73 45.14
1.9o 1897. 759. 2656. 34._2 13.97 48.89
2.40 3351. 759. 4110. 48.64 11.02 59.66

ALTITUDE - 360o0. FEET

1.39 801. 4TI. 1272. 26.08 15.34 41.42
1.50 910. 562. 1472. 27.41 16.93 b/_.34
1o60 1023. 623. 16A6. 28.88 17.59 46.47
1.70 1153. 699. 1852. 30.62 18.56 49.18
2.00 166_. 759. 2423. 37.49 17.10 54.59

2.40 2642. 759. 34Ol. 49.45 14.21 63.66

2.80 429_. 759. 5053. 68.65 ]-2.13 80.78



Report 25.194
Volu,fne 6

Page 115

ENGINE 2-ICONT 'D.

SUPPL]_4E_rARY DATA

MO WS _ WT AO AEX AOT

ALTITUDE - 40000. FEET

1.52 768. E63. 1231. 27.66 16.68 44.34

1.65 897. 545. 1442. 29.72 18.06 47.78

1.85 1144. 699. 18&3. 33.75 20.62 54.37

2.00 1375. 759. Z134. 37.49 20.69 58.18

2.50 2534. 759. 3293. 55.06 16.49 7"1.55

3.oo 4571. 759. 5330. 82.38 13.68 96.06

ALTITUDE - 50000. FEET

1.86 717. 425. liE2. 33.96 20.13 54.09

2.00 852. 507. 1359. 37.49 22.31 59.8O

2.10 964. 562. 1526. 40.37 23.53 63.90

2.20 1091. 638. 1729. 43.57 25.48 69.05

2.50 1575. 759. 2334. 55.21 26.61 81.82

3.00 2833. 759. 3592. 82.38 22.07 104.45

ALTITUDE - 60000. FEET

2.19 668. 372- 1040. 43.23

2.25 720. 410. I&30. 45°3O

2.35 813. 4J_5. 1258. 48.99
2.40 865. 480. 1345. 50.98

2.70 124o. 627. 1867. 6&.81

3.00 1756. 759. 2515. 82.38

ALTITUDE - 70000. FEET

24.07
25.80
26.81
28.29
32.77

35.61

67.3o

7Z.lO
75.8o

79.27
97.58

117.99

2.53 629. 296. 925. 56.71 26.69 83.40
2.60 681. 329. lOlO. 59.82 28.90 88.72
2.70 767. 375. 1142. 6_.81 31.69 96.50

2.80 863. 43o. 1293. 70.23 34.99 lO5.22

2.9o 969. 476. I_5. 76.o7 37.37 LI3. _d_

3.00 lO87. 507. 1594. 82.38 38.42 120.80
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Cross-Reference Information

Subsonic Combustion Ramjet Performance

Maps may be founf in the Engine No. 9
Section.
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SCRAMLACE, NO. 22

Technical Description

This engine is capable of three operating modes : (1) liquid air cycle ejector

mode, (2) subsonic combustion ramjet and (3) supersonic combustion ramjet. The

engine consists of a primary rocket subsystem which operates on liquid hydrogen
and liquid air, with the liquid air being supplied from the air liquefaction

unit, consisting of a precooler and condenser. The refrigerant is the liquid

hydrogen total flow supplied to the engine. Following the primary rocket section

is the mixer, diffuser, afterburner and variable geometry exlt nozzle.

Initial engine operation is in the ejector mode wlth full thrust operation of the

primary rockets at a stolchiometrlc condition. Air flow, nominally constant, is

controlled by hydrogen flow into the engine and the specific flight conditions,

non primary fuel being burned in the afterburner at a significantly fuel rich
condition. At an appropriate flight Mach number the primary rocket subsystem is

shut down and the alr liquefaction unit is closed off from the inlet diffuser.

The engine continues to operate with stoichiometric combustion in the afterburner
as a subsonic combustion ram0et. At approximately Mach 6 the engine transists

into supersonic combustion ramjet operation by simultaneous shifting of combus-
tion forward into the region of primary rockets (the rockets are not reignited)

and full opening of the aft end of the engine to permit the normal shock system
to pass from the engine. Upon entry, flyback is nominally accomplished in the

subsonic ramjet mode with loiter and landing being achieved In the liquid alr

cycle ejector phase operation.

Engine Operating

_. INLET

Schematic
HEAT MIXER/ COMBUSTOR

EXCHANGER_I LDIFFUSER_L

- =]= EXIT-_-I r -i
PRIMARY THRUST
CHAMBER ASSEMBLY

INJECTOR
ASSEMBLY

TURBOPUMP ASSEMBLY
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Eng. No. 22

Pc = i000 psla, ws/_ = 1.50, O/F = 32.3, Cp = 1.O, Cs = 2.29, ¢cona= 8.0,

Cprec = 8.0, A_/A3 = 2.09, P_a/P_ ref. ng. ZZ

Engine Operating Mode Block Diagrams
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ENGINE PHYSICAL CHARACTERISTICS
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Eng. No. 22

Englls h International

WEIGH Tt _/ST/WEIGHT_ Units Units

Subsystem Components NOTE: Engine weight statement does not include nozzle
-- exit surfaces considered to be vehicle affixed (Fig 6)

Heat Exchanger 2,506 I2M i,137 KG

Catalyst 1,418 6_3
Structure 855 388

Primary Rockets

Turbopumps and Plumbing
Structure

860 390

817 371

1,590 721.2

Mixer 805 365

Diffuser 413 187

Combustor 663 301

Exit and Centerbody 2,079 943

Manifolding and Contingency

Unlnstalled Weight

_rust, SLS

bT_installed 11smust/Weight

500 229

12,506 L_ 5,673 ED

250,000 L_F 1,112,055 . N

20.0 u_/_ 1_ N/_

Inlet Weight (Typical)

Installed Weight

Installed _arust/Weight

12,000 L_ 5,_3 EG

2k, _06 L_ ii, ll6 10G

lO.2nm_/_ loo NIK_

LENGTH

Uninstalled Length

Inlet Length (Typical)

lustaled Length

20.0 FT 6.1 M

8_.6 z4.9

lOI.6 FT 30.97 M

FLOWAHEAS

Inlet Cowl, Ac

Mixer, A3
Combustor, A4
Nozzle Exit, max, A6**

i00.0 FT2 9.29M 2

33.5 3.11
70.0 6.50

_0o.0 FT 2 37.2 M2

* Based on maximum internal pressure = 100 psia (689.5 N/M 2 )

** For ejector mode, see engine data
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Eng. No. 22

ENGINE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Eng. No. 22

Cross-Reference Information

Ejector Mode Performance Maps and
Tabular Data may be found in the

Engine No. 21 Section.

Subsonic Combustion Ramjet Performance Maps

may be fouu_ in the Engine No. i0 Section.

Supersonic Combustion Ramjet Performance Information

may be found in the Engine No. I0 Section.

UNCLASSIFIED
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Technical Description
This engine is capable of two operating modes: (i) recycled liquid air cycle

ejector operation (non recycle operation is also possible) and (2) subsonic

combustion ramjet operation. The engine consists of a primary rocket subsys-

tem which operates on liquid hydrogen and Liquid air supplied from the air

liquefaction unit. Following these components is the typical mixer, diffuser,

afterburner and variable geometry exit nozzle. The recycle operation yields a

significant improvement in low speeds specific impulse by virtue of leaning

out the afterburning operation during ejector mode operation. This is accomp-

lished by returning a significant portion of the refrigerant hydrogen after its
use in the condenser to the vehicle hydrogen tank. This permits a reduction of

fuel flow being directed to the afterburner, thereby leaning out the cycle.

Recycle operation stipulates subcooled hydrogen in the tank, nominally in the
form of 50_ slush hydrogen at 25@R. The warmed up hydrogen is returned to the

vehicle tank, in some cases through turbine expanders, where it is cooled and

recondensed while melting the slush hydrogen and otherwise warming up the tank

hydrogen temperature.

A

Initial operation is in the recycled liquid air cycle ejector mode, which is
time limited by virtue of the discrete refrigerative capacity of the tanked

slush hydrogen. At a nominal flight speed of Mach 2 - 3 transition to subsonic

combustion ramjet mode is effected by shutting down the primary rocket subsystem
and tha air liquefaction heat exchanger. Recycle operation is terminated at that

point, if not earlier as limited by the heat sink capacity of the tanked hydro-

gen. Ramjet operation is nominally combustion with a stoichiometric afterburner

setting and a programmed variable throat to provide maximum thrust, consistent

with maximum performance. Post entry flyback is accomplished in the subsonic

burning ramjet mode and the loiter and landing operation is effected by the

liquid air cycle ejector mode without recycle operation (the hydrogen is no
longer subcooled).

Engine Operating Schematic

INLET

HEAT

_-I--EXCHANGER--I-_i TANKRETURNI M IXER/DIFFUSER , OMBUSTO I-

I

EXIT---'='

PRIMARY THRUST
CHAMBER ASSEMBLY

FUEL INJECTOR

F rURBOPUM P ASSEMBLY
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w/wp - 1.o,¢ = 2.oi,¢ --8.0,Pc = lO00 psis, = 1.45, O/F = 3_.3, _p s cond

_prec = _.0, A4/A 3 = 2.09, PT2/PTo ref. Fig. 9

Engine Operating Mode Block Diagrams
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Engine Physical Characteristics Eng. No. 23

_!GHT,_S_/_IOm_

Subsystem Components

Heat Exchanger

Catalyst

Structure

Primary Rockets

Turbopumps and Plumbing

Structure

Mixer

Diffuser

Combustor

Exit and Centerbody

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS

Uninstalled Thrust/weight

Inlet Weight (typical)

Installed Weight

Installed Thrust/weight

English

Units

4o83
1484
ZZ62

885
741

,,668

917
470

755

2370

550

15,085
250,000

16.6

J,

984o
24,925

i0.0

LEM

ImM

ImF

L_M

ImM

L_/L_

LENGTH

Uninstalied Length

Inlet Length (typical)

Installed Length

28.3 FT

56.2

FLOW AREAS

Inlet Cowl, Ac 82 FT 2

Mixer, A_ 33.5

Combust o_, A4 70 _T 2
Nozzle Exit,-max, A6** 125

* Based on maximum internal pressure = 150 psia (1034 N/_)

**For ejector mode, see engine data

International

Units

Z852 Ka

673.1

527.l

401

336

756.6

_16

213

342

lO75

250

6,8_2.6 EG

1,1-12,055 N

163 N/EG

4463 lq_

11,306 ED

98 _/_

8.63 M

17.1

25.6 M

7.6

3.1

6.5
no6
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ENGINE THRUST ! WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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z
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I00 z I0

z w

MAXIMUM INTERNAL
PRESSURE, psia
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I
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100

DESIGN

I
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EJECTOR MODE SPECIFIC IMPULSE
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EJECTOR MODE THRUST
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EJECTOR MODE AIRFLOW
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NOTE: 1. CURVE REFLECTS UPPER LIMIT.

2. EJECTOR MODE CAPTURE AREA CAN EXCEED NOMINAL
INLET SIZE (SEE SUPPLEMENTARY TABULAR DATA),
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SUPI_AI_Y DATA

MO WS _ WT AO AHX A0T

ALTITUDE - O. FEET

0.50 1374. 795. 2169. 32.21 18.64 50.85
0.75 1626. 795. 2421. 25.39 12.41 37.80
I.O0 2023. 795. 2818. 23.67 9.30 32.97

ALTITUDE - i0000. FEET

0.60 lObS. 662. 1707. 28.56 18.O9 46.65

0.90 1333. 795. 2128. 24.25 14.46 38.71

1.20 1800. 795. 2595. 24.53 10.83 35.36

Z .40 2245. 795. 3040. 26.21 9.28 35.49

1.60 2838. 795. 3633. 28-95 8,LI 37.06

ALTITUDE - 20000. FEET

o.77 823. 513. 1336. 25.26 15.74 41 .oo

1 .oo 1015. 641. 1656. 24 .o_ 15.18 39.22

1.2o 1247. 795. 2042. 24.59 15.68 40.27

!.5o 1745. 795. 2540. 27.47 12.51 39.98

1.80 2497. 795. 3292. 32.70 i0.41 43 o11

ALTITUDE - 30000. FEET

1.17 810. 501. 1311. 24.40 15.09 39 ._9

I.3O 937. 599. 1536. 25.29 16.17 41.46

1.40 i0_8. 674. 1722. 26.26 16.89 _3.15
i. 50 1-175. 795. 1970. 27.46 18.58 46. O4

1.9o 19oo. 795. 2695. 34.99 14._ b9.63
2.4o 3518. 795. 4313. 51.o9 Zl.55 62.64

ALTITUDE - 36000. FEET

1.39 802. 493. 1295. 26.13 16.06 42.19
1.50 912. 588. 15o0. 27.46 17.70 45.16
1.60 1025. 652, 1677. 28.9_ 18.41 _,7.35
1.70 1155. 731. 1886. 30.68 21.68 92.36

2.00 1667. 795. 2462. 37.56 17.91 55 ._7

2._0 2728. 795. 3523. 51.08 14.88 65.96

o.8o _oo. 795. 5195. 7o.37 12.71 83.o8
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ENGINE 23 CONT'D.

SUPPLEmenTARY DATA

MO WS WHX WT AO AHX AOT

ALTITUDE - 40000. FEET

1.52 769. 485. 1254. 27.71 17.48 45.19
1.65 899. 570. 1469. 29.78 18.88 48.66
1.85 1146. 731. 1877. 33.81 21.57 55.38

2.00 1377. 795. 2172. 37.56 21.68 59.24

2.50 2545. 795. 3340. 55.31 17.28 72.59

3.00 4579. 795. 5374. 82.54 14.33 96.87

ALTITUDE - 50000. FEET

1.86 718. 446. ll6h. 34.02 21.13 55.15

2.00 854. 530- 1384. 37.56 23.31 60.87

2.10 966. 588. 155_ 4O.45 24.62 65.07

2.20 1093. 668. 1761. 43.65 26.68 70.33
2.50 1577. 795. 2372. 55.31 27.88 83.19

3.00 2838. 795. 3633. 82.54 23.12 105.66

ALTITUI_ - 60000. FEET

2.19 669. 389. 1058. 43.31 25.18 68.49

2.25 721. 429. llSO. 45.39 27.01 72.40

2.35 815. 466. 1281. 49.09 28.07 77.16
2.40 866. 503. 1369. 51.08 29.67 80.75

2.70 1242. 656. 1898. 6&.9& 34.30 99.24

3.00 1759. 795. 2554. 82.54 37.30 119.84

ALTITUDE - 70000. FEET

2.53 630. 310. 9&O. 56.82 27.96 8h.78
2.60 682. 345. 1027. 59.93 30.32 90.25
2.70 769. 392. 116Z. 6_.9_ 33.10 98.O4
2.80 864. 450. 1314. 70.37 36.65 107.02
2.90 971. 498. 1469. 76.22 39.09 i15.31
3.00 1089. 530. 1589. 82.54 37.90 120.4-4
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RECYCLED SCRAMLACE, NO. 24

Technical Description

This engine is capable of operating in three modes: (i) recycled liquid air

cycle ejector mode operation (non recycle operation is also possible), (2) sub-

sonic combustion ramjet mode, and (S) supersonic combustion ramjet mode. The

engine comprises a primary rocket subsystem operating on liquid hydrogen and

liquid air. The liquid air is supplied by an air liquefaction unit consisting

of a precooler and condenser assembly. Following the primary rocket section is

a mixer, diffuser, afterburner and variable geometry exit nozzle.

Initial engine operation is in the recycled liquid air cycle ejector mode where-

in some of the hydrogen used to condense the air is recycled to the subcooled

hydrogen tank as described for Engine No. 23. As a result of recycle operation
afterburner combustion approaches stoichiometric condition and cycle performance

is accordingly improved over basic RamLACE capability. Transition to subsonic

combustion ramjet is effected in the Mach 2 - 3 regime wherein the primary

rockets subsystem is shut down and the air liquefaction heat exchanger duct

closed off. Ramjet combustion is performed at a stoichiometric condition with

a variable throat area program to provide maximum thrust consistent with maximum
performance. Transition to supersonic combustion ramjet takes place in the

Mach 6 flight speed regime and is accomplished by simultaneous transfer of the

fuel injection station forward to the primary rocket area and full opening of the

variable geometry exit nozzle. Exhaust expansion takes place partially against
vehicle affixed surfaces. Post entry cruise-back is accomplished in the subsonic

combustion ramjet mode with low speed loiter and landing operation being performed
on the basic liquid air cycle ejector mode without recycle operation (there is no

subcooled hydrogen available at this point in the mission profile).

Engine Operating

: INLET

Schematic
HEAT

EXCHANGER

t TANK 1
RETURN

MIXER/

,. DIFFUSERCOMBUSTOR EXIT--_r T =
\

PRIMARY THRUST
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F =," Or:. ...... ,



Engine Design Parameters

RepQrt 25.194
Volun_ • 6

= z.o, _s = 2.oi, _cond= 8.o,= z._5, o/F = B_.B, _p
pc= 1000 psia, Ws/W p

_prec = h.O, A4/A B = 2.09, PT2/PTo ref. Fig. ll
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Operating Mode Block Diagrams
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No, 24

English Internat ional

WEIGHT a THRUST/WEIGH_* Units Units

Subsystem Components NOTE: Engine wei_t statement does not include nozzle
-- exit surfaces considered to be vehicle affixed (Fig 6)

Heat Exchanger 3,78_ LBM 1,716

Catalyst l,l_ 673.1
Structure i,112 504.4

Primary Rockets

Turbopumps and Plumbing
Structure

Mixer

Diffuser

Combustor

Exit and Centerbody

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/we ight

885 4Ol
74l 336

1,668 756.6

8o5 365
413 187
663 3Ol

2,079 943

5oo 227

14,l_ LBM 6,410

•250,000 LBF 1,112,055
17.7 U_/U3M 17_

KG

KG
N

N/KG

Inlet Weight (typical)

InstaLled Weight

Installed Thrust/weight

12,000 LBM 5,h_3

26_134 zma 11_8_4

KG

KG

9.6 Lm_/Lm_ 94 N/KG

LENGTH

Uninst alled Length

Inlet Length (typical)

Installed Length

26.1 FT 7.96 M
8l. 6 24.9

lO7.7 FT 32.83 M

FLOW AREAS

Inlet Cowl, Ac

Mixer, A3

Combustor, A4 **
Nozzle Exit, max, A6

lOO.O n 2 9.29
33.5 3.11
70.0 6.50
4oo.o m _ 37.2 M2

* Based on maximum internal pressure : i00 psia (689.5 N/MR)

** For ejector mode, see engine data
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Eng. No. 24

ENGINE THRUST / WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Eng. No. 24

Cross-Reference Information

Ejector Mo_e Performance Maps and
Tabular Data may be found in the

Engine No. 23 Section.

Subsonic Combustion Ramjet Performance Maps
may be found in the Engine No. i0 Section.

Supersonic Combustion Ramjet Performance Inforaatlon

may be found in the Engine No. i0 Section.

UNCLASSIFIED
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SUPERCHARGED RAMLACE, NO. 29
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Technical Description

This engine is normally operated in three operating modes : (I) supercharged

liquid air cycle ejector mode, (2) subsonic combustion mode, and (B) fan only

operation (with or without plenum burning). The engine includes a low pressure

ratio single stage stowable fan and fan drive unit, a primary rocket subsystem

operating on liquid hydrogen and liquid air. The liquid air is provided by an

air liquefaction unit, consisting of a precooler and condenser and associated

ducting. Following the primary rockets are mixer, a diffuser, an afterburner

and a variable geometry exit nozzle.

Initial engine operation takes place with full fan operating speed, full thrust

stoichiometrie primary rocket operation, and an afterburner fuel rich setting

as dictated by the heat exchanger process. Although a fan ramjet mode similar

to that described for Engine No. ll is possible, normally the fan operation and

the rocket operation are terminated at the same flight condition to effect

transition to subsonic combustion ramJe_ mode. ._ne fan is then retracted into

the duct provided for it and the afterburner reverts to its stoichiometric con-

dition which in conjunction with a variable throat program in the exit nozzle

provides maxi_m thrust consistent with maximum performance up to the staging

velocity. After entry, flyback is accomplished in the subsonic combustion ram-

jet mode and low speed operation for loiter and landing is accomplished in the

fan operation mode, with plenum burning as required for thrust production. The

liquid air cycle ejector mcde is also potentially available for the return leg

of the mission profile, but is normally not considered.

-Engine Operating

: INLET

Schematic
HEAT

,FAN EXCHANGER,
MIXER/

DIFFUSER COMBUSTOR

\

/

'PRIMARY THRUST
CHAMBER ASSEMBLY

FUEL INJECTOR
ASSEMBLY

f
Or_-;, TURBOPUMP ASSEMBLY
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Eng. No. 29

Engine Design Parameters

1=

Pc= zooo psi,, Ws/W; 2.00, o/F = 34-.3, _p = z.o, _s = 3.40, _z = z.3o,

¢cona = 8.o, C;_ec = 8.o, _z_/A3= 2.zz, p_2/P_o reZ. rig. 9

Engine Operating Mode Block Diagrams
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Engine Physical Characteristics Eng. No. 29

English International
Units Units

Subsystem Components

Fan Assembly
Gas Generator

Structure and Actuator

1,396 LBM 633.2
l, 240 562.5

88) 4Ol

KG

Heat Exchanger 2,280 1,034

Catalyst 1,194 541.6
Structure i,050 476.3

Primary Rockets

Turbopumps and Plumbin_
Structure

725 329

735 333

1,3_i 608.3

Mixer 1,021 463.1

Diffuser _32 196

Combustor 712 323

Exit and Centerbody 2,11'2 985.2

Manifolding and Contingency 550 250

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/weight

15,733 L_M 7,136.5
250,000 L_F 1,112,053

15.9 Lm,/Lm_ 156

KG

N

Inlet Weight (typical)

Installed Weight

9,8_0 LBM 4,_63

25t573 LR_ ,,_11_,600

KG
KG

Installed Thrust/weight :_.8 z,_/z,_ 96 _/r_

LENGTH

Uninstalled Length

Inzet Length (typical)
Installed Length

28.3 FT 8.63

56.2 17.i

84.5 FT 25.6

FLOW AREAS

Inlet Cowl, Ac

Mixer, A 3
Combustor, A4

Nozzle Exit, max, A6**

82.o z'_ 7.62
30.3 2.8l
64.0 6.0

125.0 FT 2 11.6

* Based on maximum internal pressure : 150 psia (1034 N/_)

** For ejector mode, see engine data

M

M
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Eng. No. 29

EJECTOR MODE SPECIFIC IMPULSE
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Eng. No. 29

ENG INE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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EJECTOR MODE THRUST
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EJECTOR MODE A IRFLOW
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EJECTOR MODE CAPTURE AREA
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ENGINE 29

SUFPLEM_ITARY DATA

MO WS WHX WT AO AHX AOT

ALTITUDE - 0. FEET

0.50 1516. 6_o. z156. 35.51 14.99 50.50
0.75 1742. 6_o. 2382. 27.18 9.98 37.16
i.oo 2129. 6Ao. 2769. 24.89 7.48 32.37

ALTITUDE - i0000. FEET

O.6O 1161. 533. 169_. 31.72 14.56 46.28
0.90 1481. 640. 2121. 26.93 Ii.64 38.57
1.2o 1916. 6_0. 2556. 26.10 8.72 34.82
1.4o 2353. 69_o. 2993. 27._J_ 7.46 34.90

1.6o 2973. 6_o. 3613. 30.30 6.52 36.82

ALTITUDE - 20000.'FEET

0.77 915. 413. 1328. 28.05 12.66 4o.71
1.O0 ]_128. 516. 16hA. 26.70 12.21 38.91
1.20 1382. 6950. 2022. 27.24 12.61 39.85

1.50 190_. 6940. 2544. 29.95 10.O7 40.02
1.80 2675. 6AO. 3315. 35.01 8.38 43.39

ALTITUDE - 3oooo.

1.17 899; 403. 1302 27.05 12.13 39.18
1.30 1038. 482. 1520. 28.01 13.01 41.02
1.40 ]_162. 543. 1705. 29.10 13.60 42.70
1.50 13o4. 640. 19_/_. 30.46 14.95 45.41
1.9o 2096. 6_o. 2736. 38.57 11.78 50.35

2.40 3880. 6_0. 4520. 56.31 9.29 65.60

ALTITUDE - 36000. FEET

1.39 889. 397. 1286. 28.93 12.92 41.85
1.50 1012. 474. 1486. 30.46 14.27 44.73
1.6o 1136. 525. 1661. 32.05 14.81 46.86

1.7o 1282. 589. 1871. 34.01 15.63 49.6_
2.0O 1848. 6_0. 2488. 41.60 14.41 56.01
2.4O 30O9. 6k0. 36_9. 56.30 11.97 68.27

2.80 4859. 6&0. 5499. 77.64 10.23 87.87
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ENGINE 29 CONT 'D.

SUPPL_ME_ffARY DATA

,/

MO WE WHX WT AO AEX AOT

ALTITUDE - 40000. FEET

1.52 853. 390. 1243. 30.71 14.04 44 -75
1.65 998 459. 1457. 33 .O4 15.20 48.24
1.85 1270. 589. 1859. 37.44 17.36 54.80
2 .oo 1527. 640. 2167. 41.60 17 .h-4 59 .o&
2.5o 2805. 69#0. 3445. 6o.91 13.9o 74.81
3.00 5o48. 640. 5688. " 9o.9]- 11.53 102.4_

ALTITUDE - 50000. FEET

1.86 796. 358. i154. 37.7o 16.96 54.66
2 .oo 946. 427. 1373. 41.6o 18.78 60.38
2.10 1070. 474. 1544. _.76 19.83 6_.59
2.2o 12o9. 538. 1747. 48.24 21.47 69.71
2.5o 1738. 640. 2378. 6o.91 22.43 83.34
3 .oo 3129. 640. 3769. 9o.9]. 18.59 1o9.50

ALTITUDE - 60000. FEET

2.19 741. 314. 1055. 47.90 20.30 68.20
2.25 798. 346. 1144. 50.18 21.76 71.95
2._5 899. 375. 1274. 54.15 22.59 76.72
2._O 956. 405. 1361. 56.35 23.87 80.22

2.70 1372. 529. 1901. 71.65 27.63 99.28

3.00 1940. 640. 2580. 90.91 29.99 120.90

ALTITUDE - 70000. FEET

2.53 696. 250. 946. 62.71 22.53 85.24
2.60 753. 278. 1031. 66.07 24.39 90.46
2.70 849. 316. 1165. 71.65 26.67 98.32
2.80 955. 362. 1317. 77.64 29.43 I07.07

2.90 1072. 401. 1473. 84.06 3Z.4_ 115.5o
3.00 12oo. 427. 1627. 90.91 32.35 123.26
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Eng. No. 29

FAN RAMJET SPEC IFIC IMPULSE
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FAN RAMJET THRUST
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FAN RAMJET CAPTURE A REA

"NOTE: CURVE-UPPER LIMIT
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FAN OPERATION SPECIFIC IMPULSE
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FAN OPERATION THR UST
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FAN OPERATION SPECIFIC IMPULSE
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FAN OPERATION THRUST

Eng. No. 29
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FAN OPERATION SPECIFIC IMPULSE
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FAN OPERATION THRUST
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Cross-Reference Information

Ejector Node Performance Maps and
Tabular Data may be found in the
Engine No. 29 Section.
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SUPERCHARGED SCRAMLACE, NO. 30

Technical Description

This engine is capable of four operating modes over the mlssion cycle: (i) super-

charged liquld alr cycle ejector mode, (2) subsonic combustion ramjet mode, (3)

supersonic combustion ramjet mode, and (k) fan only operation. The latter mode

is useful in the low speed loiter and landing phase of the mission profile. The

engine includes a low pressure single stage retractable fan and fan drive sub-

system utilizing an airbreathing gas generator, and primary rocket subsystem which

operates on liquld hydrogen and liquld air. The liquld air is provided by the air

liquefaction heat exchanger consisting of a precooler, a condenser and associated

ducting. Following the primary rocket subsystem is a _ixer, diffuser, afterburner

and variable geometry exit nozzle.

Initial engine operation Is in the supercharged llquid air cycle ejector mode

wherein the fan is operated at full design speed condition, the primary rockets
are at full thrust, and the afterburner operates at a fuel rich setting as deter-

mlned by the air liquefaction equipment operation. Transition to ramjet is

achieved by shutdown of the primary rocket and fan subsystems and retraction of

the fan from the engine flow duct, which at the same time closes off the heat

exchanger subsystem from the inlet difZuser duct. Ramjet operation is adjusted

to stoichiometric conditions with a variable throat setting to achieve maximum

thrust consistent with maxlmm performance up to scramJet conversion at approxi-
mately _ach 6. Supersonic combustion operation is accomplished by simultaneous

transfer forward of fuel injection to the prlmary rocket station and full opening

of the variable exltnozzle to permlt the normal shock system to pass from the

engine. Following entry, cru£se-back is accomplished in the subsonic burning

ramjet mode with low speed loiter and landing thrust provided by the fan only

operatingmode.

Engine Operating Schematic
HEAT , M IXER/ .........

..... FAN EXCHANGERd DIFFUSER _UMUU_/UK .-,_ _3
= INL_/ r _ _ _ _ I-- _ _ _ _ _AI/.--_ I

F Oct; TURBOPUMP ASSEMBLY
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Pc = lO00 psia, Ws/W = 2.00, O/F = 34.3, _p = 1.O, _s = 3.40, Pl_f

_cond = 8.0, _l_rec = 8.0, A_/A 3 = 2.11, PT2/PTo ref. Fig. ii

= 1.30,

Engine Operating Mode Block Diagrams
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Engine Physical Characteristics Eng. No. 30

r

English International

WEIGHT a THRUST/WEIGHT* Units Units

Subsystem Components NOTE: Engine weight statement does not include nozzle
-- exit surfaces considered to be vehicle affixed (Fig 6)

Fan Assembly 1,396 LBM 633.2 KG

Gas Generator l,240 562.5

Structure and Actuator 885 401.

Heat Exchanger 2,113 958.5

Catalyst I,194 541.6
Structure i,000 453.6

Primary Rockets

Turbopumps and Plumbing
Structure

725 329

735 333

i, 341 608

Mixer 900 408

Diffuser 375 170
Combustor 620 281

Exit and Centerbody 1,890 857.3

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/welght

.500 227

i_,914 laM 6,764

250,000 L_ 1,112,055
16.8 LI_/LBM 164

KG

N

N/KG.

Inlet Weight (typical)

Installed Weight

Installed _rust/weight

12,000 LBM 5,_3

26t914 LBM 12_208

KG

KG

9.3im_/imM 9l N/I_

LENGTH

Uninstalled Length

Inlet Length (typical)

Installed Length

25.7FT 7.83 M
81.6 2k.9

IO7.3FT 32.71 M

FLOW AREAS

Inlet Cowl, Ac

Mixer, A3
Combustor, A_

Nozzle Exit, max, A6**

lOO.OF_ 9.29
30.3 2.8l
64.0 6.0

400.0 F_ 37.2

* Based on maxlmuminternal pressure = I00 psia (689.5 N/M 2)

** For ejector mode, see engine data
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Eng. No, 30

ENGINE THRUST / WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Eng. No. 30

Cross-Reference Information

Ejector Mode Performance Maps and Tabular
Data may be found in the Engine No. 29
Section.

Fan Ramjet Mode Performance Maps may
be found in the Engine No. 29 Section.

Subsonic C_nbustion Ramjet Performance Maps

may be found in the Engine No. i0 Section.

Supersonic O_nbustion Ramjet Performance Information

may be found in the Engine No. i0 Section.

Fan Operation Performance Maps may be found in the

Engine No. 29 Section.
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RECYCLED SUPERCHARGED RAMLACE, NO. 31

Technical Description

This engine is capable of four modes: (i) recycled supercharged liquid air
cycle ejector mode, (2) subsonic combustion ramjet mode, (3) supersonic com-

bustion ramjet mode, and (k) fan only operation. The latter mode is employed

in the loiter and landing phase of the mission profile. The engine includes

a retractable low pressure ratio single stage fan and fan drive subsystem.
Aft of the fan is the primary rocket subsystem which operates on liquid air

and hydrogen. The liquid air is provided by the air liquefaction subsystem

consisting of a precooler, a condenser and associated ducting. By virtue of
recycle operation (see discussion - Engine 23) a near stoichiometric after-

burner operation is possible in the ejector mode. Following the primary

rocket subsystem is the mixer, diffuser, afterburner, and a variable geometry
exit nozzle.

Initial engine operation is in the recycled supercharged liquid air cycle
ejector mode. Full fan power is utilized and the stoichiometric rocket sub-

system is operated at full cham_er pressure. A near stoichiometric condition

is effected in the afterburner by virtue of recycle operation and the exit

nozzle is programmed for proper settings during the initial acceleration path.

Transition to subsonic combustion ramjet is normally effected by simultaneous

primary rocket shutdown, fan system shutdown, and retraction of the fan unit
into the heat exchanger duct. This latter operation closes off the air lique-

faction subsystem from the inlet diffuser. Subsonic combustion ramjet mode is

operated at a stoichiometric afterburner setting and throat area settings which

equate to maximum thrust consistent with maximum performance operation. Sub-

sonic combustion ramjet mode continues until vehicle staging takes place and,

following entrj, provides a flyback or cruise-back operating mode. Low speed

landing and loiter operation are effected in the fan only operating mode with

plenum burning as required for thrust production.

Engine Operating SchematicS
HEAT

FAN EXCHANGER

= INLET ' i = _' TANKRETURN

i

M IXER/

DIFFUSER COMI BUSTO I
-,- : : EXI T'-'_

RIMARY THRUST
--CHAMBER ASSEMBLY--

_FUEL INJECTOR

/_ I _ ASSEMBLY

,_"_TURBOPUM P ASSEMBLY
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Engine Design Parameters

Report 25_ 194
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Pc = lO00 psia, Ws = 2.00, O/F = 3k.3, _p 1.O, _s = 1.46, PEr = 1.30,

_eond = 8.0, _lorec = t_.0, Ak/A 3 = 2.00, PT2/PTo ref. Fig. 9
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Engine Physical

vA_ N_Ik ¢'Ag/l,_l, Wla

Characteristics

WEIGHT a TH_UST/WEI GHT*

Subsytem Components

Fan Assembly
Gas Generator

Structure and Actuator

Heat Exchanger

• Catalyst
Structure

Primary Rockets

Turbopumps and Plumbing
Structure

Mixer

Diffuser

Combustor

Exit and Centerbody

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/weight q

English
Units

1475
]-3]-o

92l

34_

z35o

765

759
1416

1078

b,32
712

2172

550

17,668
250,000

]-4.2

LBM

LBM
LBF
LBF/LBM
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Eng. No. 31

r

International

Units

669.1

59_ .2
418

1573
5T1.5
612.4

347
3_
642.3

_89
196
323

985.2

250

KG

8014.2 EG

1,112,055 N
139 N/EG

Inlet Weight (typical)

Installed Weight

Installed Thrust/weight 9.1

L_M

LBM

LBF/LBM

LENGTH

Uninstalled Length

Inlet Length (typical)

Installed Length

28.3
56.2

84.5 rr

FLOW AREAS

Inlet Cowl, Ac

Mixer, AR

Combustof, Ah

Nozzle Exlt,-max A6**

82.0 _'T2

31.9
6_.o

z25.o _2

* Based on maximum internal pressure = 150 psia (i03_ N/M 2)

**For ejector mode, see engine data

b/_63 KO

12,_78 ED

89 N/KG

8.63 M
17.i
25.6 M

7.6
2.96
6.0

i1.6 .2
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Eng. No. 31

ENGINE THRUST ! WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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0
0

I
0

MAXIMUM INTERNAL

PRESSURE, psia --
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250

100 200 300

DESIGN THRUST, sis, 1000 Ibf
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I
2.0



YA_ NI_$, ¢A&M_)INM

Report 25, lg4
Volume 6

Page 185

Eng. No. 31

EJECTOR MODE SPECIFIC IMPULSE
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0
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1.5 2.0
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I I
0.4 0.6
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Eng. No. 31

EJECTOR MODE THRUST
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Eng. No. 31

EJECTOR MODE AIRFLOW
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Eng. No. 31

EJECTO R MODE CA PTURE AREA
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NOTE: 1. CURVE REFLECTS UPPER LIMIT.

2. EJECTOR MODE CAPTURE AREA CAN EXCEED NOMINAL
INLET SIZE (SEE SUPPLEMENTARY TABULAR DATA).
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_GI_E 31

_ARY DATA

M0 WS WHX WT AO AHX AOT

ALTITUDE - O. FEET

0.50 1613. 676. 2289. 37.79 15.84 53.63

0.75 1859. 676. 2535. 29.O2 10.55 39.57

i .00 2383. 676. 3059. 27.87 7.91 35.78

ALTITUDE - i0000. FEET

O.6O 1227. 562. 1789. 33.51 15.35 48.86

0.90 1564. 676. 2240. 28.46 12.30 40.76

1.20 2046. 676. 2722. 27.87 9.21 37.08

1.40 2636. 676. 3312. 30.76 7.89 38.65

1.60 3322. 676. 3998. 33.87 6.89 40.76

ALTITUDE - 20000. FEET

0.77 966. 436. 1402. 29.64 13.38 43.02

l.oo L192. 545. 1737. 28.Z_ 12.90 41.Ll

1.20 1461. 676. 2137. 28.78 13.32 42.10

i.50 2026. 676. 2702. 51.88 10.64 42.52
!.80 2926. 676. 3602. 38.30 8.85 47.15

ALTITUDE - 30000. FEET

1.17 950. 425. 1375. 28.58 12.78 41.36

1.30 1097. 510. 1607. 29.59 13.76 43.35

1.40 1228. 572. 1800. 30.75 14.32 45.07

1.5o 1378. 676. 2054. 32.18 15.79 47.97

1.90 2226. 676. 2902. 40.95 12.43 53.38

2.40 4100. 676. 4776. 59.49 9.8"I 69.30

ALTITUDE - 36ooo. FEET

1.39 939. 418. 1357. 30.57 13.61 41_.18

1.5o 1069. 500. 1569. 32.18 15.o5 47.23

1.60 1200. 553. 1753. 33.86 15.60 49.46

1.70 1354. 621. 1975. 35.94 16.48 52.42

2.00 1952. 676. 2628. 43.95 15.22 59.17

2.40 3179. 676. 3855. 59._8 12.65 72.13

2.80 5134. 676. 5810. 82.03 10.80 92.83
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ENGINE 31 CONT 'D.

_ARY DATA

M0 WS WHX WT AO AHX A0T

ALTITUDE - 40000. FEET

1.52 901. 412. 1313. 32._ 14.83 47.27

1.65 I055. 484. 1539. 34.91 16.01 50.92
1.85 1341. 621. 1962. 39.56 18.32 57.88

2.00 1613. 676. 2289. 43.95 18.42 62.37

2.50 2963. 676. 3639. 64.35 14.68 79.03

3.00 5333. 676. 6009. 96.05 12.17 108.22

ALTITUDE - 50000. FEET

1.86 841. 379. 122o. 39.83 17.95 57.78

2.00 lOOO. 450. 145o. 43.95 19.78 63.73

2.10 ]-130. 500. 1630. 47.29 20.92 68.21

2.20 1277. 567. 18/_. 50.97 22.63 73.60

2.50 1837. 676. 2513. 64.35 23.68 88.03

3.00 3305. 676. 3981. 96.05 19.65 115.7o

ALTITUDE - 60000. FEET

2.19 782. 331. 1113. 50.60 2_1.42 72.02

2.25 843. 365. ].208. 53.02 22.96 75.98

2.35 950. 396. 1346. 57.9-I 23.85 81.06
2.40 i010. 427. 1437. 59.53 25.17 84.70

2.70 1449. 558. 2OO7. 75.7O 29.15 104.85

3.00 2049. 676. 2725. 96.05 31.69 127.74

ALTI%W/DE - 70000. FEET

2.53 735- 263. 998. 66.26 23.71 89.97
2.6o 796. 292. lO88. 69.81 25.61 95.42

2.70 897. 333. 1230. 75.7O 28.10 103.80

2.8o 10o9. 382. 1391. 82.03 31.o5 1-13.o8

2.90 1132. 422. 1554_ 88.81 33.11 121.92

3.00 1268. 450. 1718. 96.05 34.09 13o.14
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Eng. No, 31

FAN RAMJET SPECIFIC IMPULSE
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FAN RAMJET THRUST
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Eng. No. 31

FAN RAMJET CAPTURE AR EA

NOTE: CURVE= UPPER LIMIT
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Cross-Reference Information

Subsonic Combustion Ramjet Performance

Maps may be found in the Engine No. 9
Section.
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RECYCLED SUPERCHARGED SCRAMLACE, NO. 32

Technical Description

This engine is capable of four operating modes: (I) recycled supercharged

liquid air cycle ejector mode, (2) subsonic combustion ramjet, (3) supersonic

combustion mode, and (4) fan only operation. The engine includes a stowable

low pressure ratio single stage fan and fan drive subsystem employing an air-

breathing gas generator, a primary rocket subsystem which operates on liquid

hydrogen and liquid air. The liquid air is derived from an air liquefaction

unit consisting of a precooler and condenser and employing the liquid hydrogen

fed to the engine for air condensing. Following the rocket subsystem is a

mixer, diffuser, afterburner and variable geometry exit nozzle.

Initial engine operation is in the recycled supercharged liquid air cycle

ejector mode and employes near stoichlometric afterburning as a result of the

recycle operation (see discussion - Engine 2B). At a flight Mach number in the

vicinity of 2 - 3 transition to subsonic combustion ramjet is accomplished by
simultaneous shutdown of the rocket and fan subsystems and retraction of the

fan unit from the main flow stream of the engine. The fan in being retracted,

effects a closure of the heat exchanger subsystem from the inlet diffuser for

subsequent high speed operation. Subsonic combustion ramjet mode is continued
with a stoichiometric combustion operation and a programmed variable throat

area to effect maximum thrust consistent with maximum performance. At approx-

imately Mach 6, conversion to supersonic combustion ramjet mode is made by

simultaneously transferring the fuel injection and combustion forward to the

vicinity of the primary rocket units and full opening of the variable geometry

exit. Following entry, flyback or cruise-back is accomplished in the subsonic

ramjet mode. Low speed loiter and landing thrust is provided by the fan only

operation mode with plenum burning as required for thrust production.

Engine Operating Schematic
_,FANtEXI 1FA TGER

_. INLET

\

EXIT-"--"

tEL INJECTOR
ASSEMBLY

TURBOPUMP ASSEMBLY
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Pc= zooo ps±a, Ws/Wp = 2.00, O/F = 3_,.3, Cp Z.O, Cs = Z._6, PRZ= Z30,

_cond = 8.0, _prec = 4.0, A4/A 3 = 2.00, P_2/PTo ref. Fig. ll

Engine Operating Mode Block Diagrams
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Engine Physical Characteristics
English .International

WEIGHT t THRUST/WEIGHT* Units Units

NOTE: Engine weight statement does not include nozzle
Subsystem Components -- exit surfaces considered to be vehicle affixed (Fig 6)

Fan Assembly
Gas Generator

Structure and Actuator

Heat Exchanger

Catalyst
Structure

Primary Rockets

Turbopumps and Plumbing
Structure

Mixer

Diffuser

Combustor

Exit and Centerbc_y

Manifolding and Contingency

Uninstalled Weight

Thrust, SLS
Uninstalled Thrust/weight

Inlet Weight (typical)

Installed Weight

Installed Thrust/weight

1475 L_M 669.1 KD

131o 594.2
921 418

321_ 1458
1260 5Ti.5
13oo 589.7

765 327

759 _2
1416 642.3

938 226

375 170
62O 281

1890 857.3

500 227

16,723 _ 7595 . KE-
250,000 LBF 1,112,055 N

12.9 Lm_/U_ 126 N/KG

12,000 LBM 54_3 KD

28,743 Lllg 13,038 KG

8.7_IL_ 85 Nlra

LENGTH

Uninstalled Length

Inlet Length (typical)

Installed Length

26.1 FT 7.96 M

81.6 24.9

107.7 FT 32.83 M

FLOW AREAS

Inlet Cowl, Ac

Mixer, A_

Combustor, A4

Nozzle Exit, max A6**

i00.0 FT2 9.29

31.9 2.96

6_.o FT2 6.0400.0 37.2

* Based on maximum internal pressure = I00 psia (689.5 N/_)

**For ejector mode, see engine data
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ENGINE THRUST I WEIGHT

EFFECT OF SIZE AND INTERNAL PRESSURE
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Cross- Reference Information

Ejector Mode Performance Maps and Tabular

Data may be found in the Engine No. 31

Section.

Fan Ramjet Mode Performance Maps may

be found in the Engine No. 31 Section.

Subsonic CombmstlonRamJet Performance Maps
may be found In the Engine No. I0 Section.

Supersonic Combustion Ramjet Performance Information

may be found In the Engine No. I0 Section.

Fen Operation Performance Maps may be found In the

Engine No. 31 Section.
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